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Many physical properties of the copper oxide high temperature 
superconductors appear to defy the conventional (one-electron) 
theory of metals, and the development of new theories incorpo- 
rating strong electron correlations is currently at the forefront of 
condensed matter physics. Inelastic neutron scattering provides 
incisive information about collective magnetic excitations that is 
required to guide this effort. Such measurements have thus far 
proven possible for only two of the many families of high temper- 
ature superconductors, La2 xSrxCu04 [Q and YBa2Cu306+x [@]- 
[P^m, because suitably large single crystals of other copper oxide 
compounds could not be grown. While the magnetic spectra of 
both materials bear certain similarities, there are also pronounced 
differences that have hampered a unified description of the spin 
dynamics in the copper oxides. In particular, a sharp resonant 
spin excitation dominates the spectrum in the superconducting 
state of YBa2Cu306+x ||3[|- [1T0|] , but is not found in La2-xSrxCu04 
[0. Here we report the discovery of a magnetic resonance peak 
in the superconducting state of a different copper oxide system, 
Bi2Sr2CaCu208+5, made possible by the synthesis of a sizable sin- 
gle crystal and modern neutron optics. This provides evidence 
of the generality of this unusual phenomenon among the copper 
oxides and greatly extends the empirical basis for its theoretical 
description. 

The magnetic resonance peak observed in optimally doped YBa2Cu306+x 
(superconducting transition temperature T^ = 93K) is a sharp collective 
mode that occurs at an energy of 40 meV and two-dimensional wave vector 
Q|| = (vr/a, vr/a), where a is the nearest-neighbor Cu-Cu distance 0-[0]- Its 
intensity decreases continuously with increasing temperature and vanishes 
above Tc. In underdoped YBa2Cu306+x, the mode energy decreases mono- 
tonically with decreasing hole concentration |P|-[l^, while the superconduct- 



ing energy gap is believed to remain approximately constant. Such a collec- 
tive mode has not been observed in conventional superconductors. Several 
microscopic mechanisms have been proposed, ranging from band structure 



singularities |TT[]-[|T^ to antiferromagnetic spin fluctuations [|3"[|IH ^^^ i^" 



terlayer pair tunneling pO[ . In all of these models, the interactions that give 
rise to the resonant mode are the same that cause pairing of the electrons 
in the superconducting state, so that this phenomenon provides a direct 
clue to the mechanism of high temperature superconductivity. According 
to another recent theory, the resonance mode is a manifestation of a new 



symmetry group linking antiferromagnetism and superconductivity |^, ^ 



In the framework of this model, the spectral weight of the resonance peak 
is in fact directly proportional to the superconducting condensation energy 

@0- 



A very sensitive test of these disparate models is whether they are ca- 
pable of providing detailed descriptions of both the inelastic neutron scat- 
tering (INS) results and those of angle-resolved photoemission spectroscopy 
(ARPES), a complementary momentum-resolved experimental technique that 
primarily probes single-electron excitations. By far the best ARPES data 
have been obtained on Bi2Sr2CaCu208+5 [^, |2^, a material for which no 
INS data have been available. This situation, which has precluded a direct, 
quantitative comparison of the results of both techniques, is remedied by the 
present study. 

A look at the chemical bonding in the copper oxides reveals the origin of 
these experimental difficulties. In Bi2Sr2CaCu208+5, for instance, the Cu02 
planes are separated by several charge reservoir layers that interact only 
weakly in the c-direction (perpendicular to the layers). Bi2Sr2CaCu208+5 
therefore cleaves easily along the Cu02 layers, which greatly facilitates surface- 
sensitive techniques such as ARPES. This same property is responsible for 
the lack of INS data on this compound. In order to take advantage of the 
momentum resolution of INS, the signal from a large volume of material 
has to be coherently superposed, which is only possible if a single crystal is 
available. However, because of the weak bonding along c, Bi2Sr2CaCu208+5 
crystals typically grow as thin plates with volumes much too small for INS. 
The present study was performed on a comparatively large single crystal of 
volume 10 X 5 X 1.2 mm^ and mosaicity ~ 1°, synthesized by the floating 
zone technique as described previously [^. Its superconducting transition 
temperature (measured by SQUID magnetometry) is Tc=91K, with a width 
of 2K. 

The crystal was mounted in an aluminum can filled with helium exchange 
gas and attached to the cold finger of a closed cycle helium refrigerator. The 
INS experiments were performed at the spectrometers 2T at the Labora- 
toire Leon Brillouin, Saclay, France, and INS at the Institut Laue-Langevin 
in Grenoble, France. Both spectrometers use neutron optics that focus the 
beam both parallel and perpendicular to the scattering plane, with a result- 
ing gain in neutron flux on the sample that proved crucial for this experi- 
ment. Identical configurations [Cu(lll) monochromator, PG(002) analyser, 
35 meV fixed final energy] were used at both spectrometers, so that the data 
can be directly compared after correcting for the different neutron fluxes at 
both reactors. The inelastic cross section was put on an absolute scale by a 
calibration against the incoherent scattering of vanadium. The comparison 
with YBa2Cu307 (below) is also facilitated by the availability of data taken 



on the same spectrometer under the same experimental conditions ||^. 

As our Bi2Sr2CaCu208+5 crystal has a similar superconducting transition 
temperature as optimally doped YBa2Cu306+x5 we began our search for the 
resonance mode in an energy range around 40 meV. Fig. la shows scans of 
the neutron intensity as a function of the in-plane wave vector Q|| at a con- 
stant excitation energy of 43 meV. A featureless background, mostly due to 
multiphonon processes commonly observed in materials with large unit cells, 
is present at all temperatures. While no signal can be identified above this 
flat background at T=100K, a pronounced peak centered at Q|| = (vr/a, vr/a) 
appears at lower temperature. The peak amplitude measured at symmetry- 
equivalent points in reciprocal space decreases with increasing wave vector, 
providing reassurance that the peak is of magnetic origin, and it compares 
well to the magnetic form factor of copper measured in antiferromagnetically 
long-range ordered copper oxides. 

Indeed, this behavior is one of the hallmarks of the magnetic resonance 
peak in the superconducting state of YBa2Cu306+x- Another characteristic 
feature of the resonance peak is revealed by a scan of the wave vector Q_l 
perpendicular to the Cu02 planes. As shown in Fig. lb, the additional low 
temperature intensity is sinusoidally modulated as a function of Q^, with a 
periodicity equal to the inverse of the distance of two adjacent Cu02 planes. 
(Because of kinematical restrictions at low Q and phonon contamination at 
high Q, only one of the maxima of the sinusoid is accessible.) The modulation 
is a consequence of strong magnetic interactions between adjacent layers, 
whose microscopic nature has been the focus of much debate in the context 
of the magnetic resonance peak |jl5|-|^ . 



We now proceed to demonstrate the presence of the remaining signatures 
of the magnetic resonance peak in the Bi2Sr2CaCu208+5 data. Fig. 2 shows 
a scan of the additional low temperature intensity as a function of the exci- 
tation energy, with the wave vector fixed at the maximum in both Q|| and 
Qj_. The intensity is peaked around an energy of ~ 43 meV, with a width of 
~ 10-15 meV. Finally, Fig. 3 shows the temperature dependence of the peak 
amplitude which vanishes above the superconducting transition temperature, 
to within the experimental uncertainty. 

The magnetic excitation spectra of Bi2Sr2CaCu208+5 and YBa2Cu307 
thus exhibit an unmistakable similarity. In the superconducting state, the 
magnetic intensity is sharply concentrated around a single point in energy 
and wave vector; in the normal state, the intensity is either too broad or 
too weak to be observable above background. There is also no indication of 
magnetic intensity above background level at other energies or wave vectors. 
In particular, an extensive search for magnetic excitations at 10 meV, an 
energy below the onset of optical phonon scattering where magnetic exci- 



tations, if present, should be relatively easy to observe, has thus far been 
fruitless in Bi2Sr2CaCu208+5. In both YBa2Cu307 and Bi2Sr2CaCu208+5, 
the resonance peak is therefore by far the most prominent feature in the 
magnetic excitation spectrum. 

A further important comparison between both compounds is made pos- 
sible by a calibration of the absolute neutron cross section against a vana- 
dium standard. Expressed in the same units as in Ref. [^, the energy- 
integrated spectral weight of the resonance peak at Q|| = (tt/o, vr/a) is 
J d{huj)x"{Q,uj) = (1.9 ± l)/i^, where x" is the imaginary part of the dy- 
namical spin susceptibility. (The large error bar is mostly due to the un- 
certainty in the energy width. Fig. 2). To within the experimental error, 
this is identical to 1.6/i| determined in YBa2Cu307 [|^ |2^. Surprisingly, the 
width of the resonance in Q|| is much larger in Bi2Sr2CaCu208+5 (0.52A 

full width at half maximum) than in YBa2Cu307 (0.25A ). If averaged 
over the two-dimensional Brillouin zone, in addition to integrating over huj, 
the resonance spectral weight is therefore clearly larger in Bi2Sr2CaCu208+5 
{f dQlid{huj)x"{Q,uj)/ ! dQli = 0.23/i|) than in YBa2Cu307 (0.043/i| [^). 
Such quantitative comparisons between different materials are indispens- 
able for a microscopic, quantitative description of the origin of the magnetic 
resonance peak. In the framework of the models proposed for the resonance 
peak, it should now be possible to relate the different Q-widths measured 
in YBa2Cu307 and Bi2Sr2CaCu208+5 to their respective Fermi surfaces as 
measured by ARPES. (The difference in the energy widths may be more 
difficult to interpret, as recent experiments on Zn-substituted YBa2Cu307 
indicate that it is very sensitive to disorder [^|. Incidentally, this sensitivity 



may account for the absence of the resonance peak in La2_xSrxCu04, where 
disorder due to Sr donors is significant. The Q-width, on the other hand, 
is not strongly affected by impurities.) There have also been attempts to 
relate more subtle features of the ARPES spectra, such as the well-known 
"dip" in the spectral function, to the collective spin dynamics |^, 31]. These 



features are only clearly apparent in the ARPES work on Bi2Sr2CaCu208+5, 
and our INS data will now allow such arguments to be refined and put on 
a quantitative footing. The same applies to recent models that propose a 
direct relation between the spectral weight of the resonance peak and the 
superconducting condensation energy |5^, |2^ . 



Our study opens the way for a variety of further neutron experiments, in 
particular in the overdoped regime that is easily accessible in Bi2Sr2CaCu2 08+5 
over a wide range of hole concentrations. It also leaves open questions 
that can only be answered by neutron scattering work on other families of 
high temperature superconductors. For instance, as both YBa2Cu307 and 



Bi2Sr2CaCu208+5 are bilayer materials, the present study does not provide 
further insight into the role of interlayer interactions in the resonance peak. 
Most importantly, observation of the resonance peak in Bi2Sr2CaCu208+5 
rules out the possibility that this phenomenon is due to a conspiracy of 
structural or chemical parameters peculiar to YBa2Cu307. Rather, it is an 
intrinsic feature of the copper oxides whose explanation must be an integral 
part of any theory of high temperature superconductivity. 
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Figure Captions 

1. Constant-energy scans, at excitation energy 43 meV, of the neutron 
scattering intensity as a function of the wave vectors (a) Q|| and (b) 
Qx parallel and perpendicular to the Cu02 planes, respectively. The 
wave vector Q = (H, K, L) is given in reciprocal lattice units (r.l.u.), 
that is, in units of the reciprocal lattice vectors a* ~ 6* = 1.64 A 
and c* = 0.20A . In these units, Q|| = (0.5,0.5) corresponds to 
the antiferromagnetic wave vector (7r/a,7r/a). The points in (a) are 
raw data taken at temperatures lOK (< Tc) and lOOK (> Tc). In 
(b), the intensity at lOOK was subtracted from that at lOK. The line 
in (a) is the result of a fit to a Gaussian profile while that in (b) is 
the function sin^(7r2;cu-^), where zqu = 0.109 is the distance between 
nearest-neighbor copper atoms in the c-direction perperdicular to the 
planes, expressed as a fraction of the lattice parameter c = 30. 8A. This 
modulation is due to magnetic interactions between adjacent Cu02 
layers and has the same periodicity and phase as in YBa2Cu307. The 
bars represent the experimental wave vector resolution (full width at 
half maximum). 

2. Difference spectrum of the neutron intensities at T=10K (< Tc) and 
T=100K (> Tc), at wave vector Q = (0.5,0.5, —14). The bar respre- 
sents the instrumental energy resolution, the line is a guide-to-the-eye. 

3. Temperature dependence of the neutron intensity at energy 43 meV 
and wave vector Q = (0.5, 0.5, —14). The intensity falls to background 
level above Tc = 91K (Fig. 1). The line is a guide-to-the-eye. 
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